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Introduction
The protein tyrosine phosphatases (PTPases § ) constitute a superfamily of enzymes that together with protein tyrosine kinases regulate a vast number of cellular processes through post-translational phosphorylation and dephosphorylation of other enzymes and proteins. Because of their critical roles not only in metabolic homeostasis but also in disorders of metabolism, they have commanded the attention of a large number of studies directed towards drug design for therapeutic intervention. In contrast to protein tyrosine kinases, however, these efforts have met with little success because (1) identification of physiological substrates of the PTPases has been limited; (2) the active site is characterized by a consensus sequence H/V-C-X 5 -R-S/T, in which X is any amino acid and C is the catalytically required, nucleophilic cysteine residue, a condition predisposed to low specificity of active site directed inhibitors; (3) PTPases are themselves subject not only to both tyrosine and serine phosphorylation and dephosphorylation but also sumoylation, post-translationally modulating their activity in the cell; and (4) the catalytic action of PTPases, while straightforward with respect to chemistry, has been often difficult to link to its biological consequences.
Protein tyrosine phosphatase-1B (PTP1B) is the first member of the PTPases to be purified to homogeneity [1, 2] . Its role in dephosphorylation of receptor tyrosine kinases, endocytosis, the stress response of the endoplasmic reticulum, energy balance, cell-cell communication, and vesicle trafficking and how these processes are affected in metabolic disease [3] underscore the breadth of metabolic pathways in which PTP1B takes part. The chemical reaction catalyzed by PTP1B and other PTPases, the hydrolysis of a peptide containing a phosphorylated tyrosine residue, results in the free phosphate anion and the dephosphorylated peptide. Because identification of physiologically relevant substrates of the PTPases has been limited, one of the most widely used substrates for assays of catalytic phosphatase activity is the minimal substrate para-nitrophenylphosphate (pNPP) because of its low cost, chromophoric properties, and commercial availability. While the pNPP assay is robust and economically amenable for screening applications, its use in the search for effective therapeutic inhibitors of PTP1B is limited because of the breadth of metabolic roles of PTP1B.
It is well established that active site residues, as well as residues surrounding the active site of PTP1B experience a much larger number of hydrogen-bonding and electrostatic interactions with a phosphotyrosine-containing peptide substrate than with the phosphotyrosine moiety alone [4] , implying that structural changes induced in the protein are not identical for both types of substrates. We note that of the large number of studies carried out to identify compounds potentially useful therapeutically and based on pNPP assays [5] [6] [7] [8] [9] , only one inhibitor has been identified [9] that is not a competitive inhibitor. We believe, therefore, that to develop inhibitors of therapeutic efficacy requires use of phosphotyrosine-containing peptides that mimic the molecular determinants of recognition of physiologically relevant substrates.
In previous studies from this laboratory to identify the target enzyme of organic vanadyl (VO 2+ ) chelates as insulin mimetics, we demonstrated on the basis of phosphotyrosine immunoblots of cultured 3T3-L1 adipocytes that the target enzyme of bis(acetylacetonato)oxidovanadium (IV) [VO(acac) 2 ] regulated the phosphotyrosine level of the insulin receptor (IR) and of the insulin receptor substrate-1 (IRS-1) protein and that the VO 2+ -chelate did not influence other downstream components of the insulin signaling cascade [10] [11] [12] . Because PTP1B is well recognized as a major negative regulator of insulin signaling [13] , our observations led us to focus on possible inhibition of this enzyme by VO(acac) 2 and other related organic VO 2+ -chelates illustrated in Fig. 1 . In preliminary investigations [14] , our results suggested that the mode of inhibition of VO(acac) 2 in hydrolysis of pNPP catalyzed by PTP1B differed from that in the presence of the phosphotyrosine-containing undecapeptide DADEpYLIPQQG mimicking residues 988-998 of the epidermal growth factor receptor (EGFR) [15] . Reasoning that structural details of the interaction of PTP1B with the phosphotyrosine-containing peptide substrate could directly affect the mode of inhibition, we compared the inhibition of dephosphorylation of the synthetic substrate pNPP and of DADEpYLIPQQG by the three VO 2+ -chelates illustrated in Fig. 1 . The results of our studies, confirming our earlier observations [14] , demonstrate that VO(acac) 2 acts as an uncompetitive inhibitor of PTP1B with DADEp-YLIPQQG as the substrate. Not only is VO(acac) 2 the only uncompetitive inhibitor of any PTPase identified hitherto, but the results also show that this VO 2+ -chelate exhibits only apparent competitive inhibition of pNPP hydrolysis when catalyzed by PTP1B, differing from that observed in the hydrolysis of the phosphotyrosine-containing undecapeptide. With respect to development of inhibitors of PTP1B and possibly other PTPases for therapeutic intervention of disease, the results are important because uncompetitive inhibitors are widely recognized to be more potent pharmacologically in open-cell systems than their competitive counterparts [16, 17] .
Experimental procedures Materials
Crystalline VO(acac) 2 , pNPP, TCEP, IPTG, EDTA, Tris, MES, spectrophotometric grade DMSO, and CM Sephadex G-50 were purchased from Sigma-Aldrich (St. Louis, MO 63103) and used without further purification. The phosphotyrosine containing undecapeptide DADEpYLIPQQG simulating residues 988-998 of the EGFR [15] was obtained from C. S. Bio, Co. (Menlo Park, CA 94025). VO(Et-malto) 2 [18] and VO(mpp) 2 [19, 20] were synthesized according to published methods. Analytical data for elemental composition of each chelate showed good agreement with theoretical expectation. Sodium chloride, sodium orthovanadate, and sodium acetate were of analytical grade and were obtained from Fisher Scientific (Pittsburgh, PA 15275). All other reagents were of the highest quality available; deionized, distilled water was used throughout.
Expression and purification of PTP1B
Competent E. coli BL21 (DE3) cells were obtained from Invitrogen (Carlsbad, CA 92008). The plasmid DNA corresponding to the soluble portion of human PTP1B (residues 1-321) was kindly provided by Professor ZY Zhang (Department of Biochemistry and Molecular Biology, Indiana University School of Medicine, Indianapolis, Indiana 462020) and cloned into E. coli BL21 (DE3) according to the method described by Zhang and coworkers [21, 22] . Transformed cells were stored at −80 °C until further use. Single cell colonies were selected from agar plates containing 100 μg/mL ampicillin for overnight precultures in Luria-Bertani broth. Inoculation of precultures into Luria-Bertani medium initiated E. coli growth at 34 °C under constant aeration. Protein expression was initiated by addition of 0.005 M IPTG to bacterial cultures when growth had reached an optical density of 0.6-0.8 at 600 nm.
Cells were harvested at 4 °C by centrifugation at 4500×g for 30 min; the cell pellets were resuspended in a minimal volume of 0.01 M NaCl buffered to pH 6.1 with 0.01 M MES containing 0.002 M TCEP, and cell lysis was achieved by application of a French press. The cell lysate was centrifuged at 15,000×g for 30 min at 4 °C, and the supernatant was added to 4-6 g CM Sephadex G-50 that had been pre-equilibrated with the same buffer. The Sephadex-lysate mixture was poured into a 2 × 50 cm column and washed with ~ 250 mL of the same low ionic strength buffer. PTP1B was eluted with a NaCl gradient of 0.01-0.4 M buffered to pH 6.1 with 0.01 M MES. Because sulfonate-based buffers are competitive inhibitors of the enzyme, we have also used sodium 3,3′-dimethylglutarate at pH 6.1 in place of MES to buffer the NaCl gradient. This buffer system has been used by Zhang and coworkers in kinetic studies [23] . While the yield of the recombinant enzyme was generally higher than with use of MES, a sizeable fraction frequently remained irreversibly adsorbed to CM-Sephadex during chromatography. As a competitive inhibitor, MES likely helps to stabilize the tertiary structure of the enzyme during purification.
Protein concentration was determined on the basis of the absorptivity coefficient A 1% 280 nm of 1.24 [24, 25] . Specific activity of chromatographic fractions was determined by following the hydrolysis of pNPP at 349 nm in 0.1 M NaCl buffered to pH 5.0 with 0.01 M sodium acetate. Fractions showing absence of contaminant protein on the basis of SDS-PAGE with the highest specific activity were pooled and concentrated to a final concentration of ~ 12 mg/mL with use of Amicon Ultra centrifugal filtration tubes (15,000 molecular mass cut-off; Millipore, Billerica, MA 01821). Enzyme was stored for further use in 30% (v/v) glycerol at − 80 °C.
Kinetic studies
For the chromophoric substrate pNPP, real-time data acquisition was carried out with use of a Cary-15 recording spectrophotometer modified by On-Line Instrument Systems, Inc. (Bogart, GA 30622). Initial velocity data were collected at 22 °C under conditions corresponding to the steady-state approximation by following the hydrolysis of pNPP at 349 nm catalyzed by PTP1B in 0.1 M NaCl buffered with either 0.01 M sodium acetate or sodium 3,3′-dimethylglutarate to pH 5.0. pNPP concentrations ranged from 0.5-1.3 × K M . Higher concentrations were generally associated with indications of substrate inhibition. In the absence of metal-chelate inhibitors, the reaction was initiated by addition of enzyme; in the presence of metal-chelates to characterize their inhibitory properties, pNPP and enzyme were added separately but simultaneously to avoid potential inhibitory complexing of the chelate with the substrate or the enzyme. Experiments designed to investigate the potential influence of complex formation between the enzyme and vanadyl (VO 2+ ) chelates are described in "Results". The value of the (ε substrate − ε product ) difference extinction coefficient of 1.911 × 10 −3 M −1 cm −1 used to quantify turnover with pNPP as substrate is a maximum at 349 nm and pH 5, and was applied as in preliminary studies [14] . Buffer solutions were thoroughly purged with nitrogen prior to data collection to avoid oxidation of VO 2+ -chelates or of enzyme; stock solutions of VO 2+ -chelates were prepared just prior to use with nitrogen-purged DMSO and kept in airtight Hamilton syringes (Reno, NV 89502) equipped with an automatic dispenser. The fractional volume of DMSO in the reaction mixture was maintained constant at 0.33% (v/v) for all measurements.
Initial velocity data were similarly collected following the hydrolysis of the undecapeptide substrate DADEpYLIPQQG by fluorescence emission with use of a Horiba Jobin-Yvon FluoroMax3 fluorescence spectrometer (Edison, NJ 08820). The reaction was monitored at 20 °C in 0.1 M NaCl buffered to pH 6.0 with 0.01 M Tris-Ac, corresponding to the maximum in the pH profile of k cat for this substrate [26] . Substrate concentrations ranged from 0.8-3.6 × K M . Excitation and emission wavelengths were set at 272 and 300 nm, respectively, with a 3-mm excitation slit width and a 10-mm emission slit width. The fluorescence emission intensity was monitored at 0.5 s intervals with a 0.5-s integration time. Buffers were similarly purged with nitrogen prior to use, and stock solutions of VO 2+ -chelates were prepared just prior to use, as described above.
Prior to collecting initial velocity data with VO
2+
-chelates as inhibitors, we tested whether they facilitated substrate hydrolysis under the conditions used for steady-state velocity measurements but in the absence of enzyme. None was detected.
Data analysis
Initial velocity data were analyzed first with use of Origin 5.0 (OriginLab Corp., Northampton, MA 01060). Modeling of inhibitor effects was evaluated with Origin 2017. With pNPP as substrate, the initial velocity was estimated from a least-squares fit to the linear region within the first 20 s of progress curves and within the first 40 s with DADEp-YLIPQQG as substrate. For each data set, K M and V max were estimated from hyperbolic fits of the initial velocity data in the absence of chelate inhibitors. Competitive, uncompetitive, and noncompetitive models of inhibition were then evaluated on the basis of hyperbolic fits to the full data set with K M held constant, and K I and V max allowed to vary. Double reciprocal plots of the data were then constructed with use of the parameters generated from the hyperbolic fits. Final model interpretation was determined qualitatively by the fit of hyperbolic and Lineweaver-Burk plots, and quantitatively on the basis of the χ 2 value. In each case the initial velocity data were evaluated by Dixon [27] or Cornish-Bowden [28] plots to confirm the type of inhibition and the value of K I.
Results

Spectral characterization of VO 2+ -chelates
Because VO(acac) 2 and PTP1B exhibit spectral contributions in the near UV region overlapping with that of pNPP and its hydrolysis products, our first objective was to identify conditions under which changes in the spectra of the enzyme or chelate could impact data collection for substrate hydrolysis. Dissolution of VO(acac) 2 into aqueous mixtures results in formation of up to four different, pH-dependent species that are detectable by EPR [10, 29] . These qualitative changes in EPR spectra as a function of time and pH have been ascribed to alterations in ligand composition and coordination geometry by Crans and coworkers [29] [30] [31] . The suggested changes include (1) transformation of the equatorial trans conformation of the VO 2+ -chelate to a cis conformation whereby one of the carbonyl oxygen donor atoms of the acetylacetonate ligand becomes axially coordinated and an H 2 O molecule is incorporated into an equatorial coordination site or (2) dissociation of one of the organic ligands with acquisition of two equatorially coordinated H 2 O molecules. Crans and coworkers have not corroborated the purported changes in ligand composition and structure on the basis of any measurable spectroscopic parameter. Such changes in ligand composition and structure can be identified in principle via the superhyperfine or ligand hyperfine structure in EPR spectra. For VO(acac) 2 the hyperfine broadening of protons in the nearby vicinity of the V 4+ ion is detectable by EPR only from equatorial ligands, is small (approximately 1.25 G for a vanadium coordinated -OH group), and adds to the underlying broadening of EPR absorption features due to the I = 7/2 51 V nucleus [32] [33] [34] . We analyzed the ligand hyperfine interactions of VO(acac) 2 as a function of pH by application of electron-nuclear double resonance (ENDOR) spectroscopy [10, 35, 36] . Analysis of ENDOR spectra of VO(acac) 2 at neutral and low pH showed no dissociation of organic ligands, no incorporation of an equatorially coordinated H 2 O molecule, and no transformation of the VO 2+ -chelate from a trans to a cis conformation [10] although such changes would have been detectable, had they occurred [36] . These observations, thus, directly contradict the suggestion of changes in speciation due to pH [29] [30] [31] and indicate that the structure of VO(acac) 2 is by itself stable in solution.
In earlier studies we have shown that the action of VO(acac) 2 as an insulin mimetic in cultured 3T3-L1 adipocytes is restricted to the enzyme that controls the phosphotyrosine levels of the insulin receptor and the insulin receptor substrate-1 protein [11] . PTP1B is likely the most important phosphatase with this role in cells [13] . However, to investigate the properties of VO 2+ -chelates as inhibitors of PTP1B, our initial objective was to determine conditions in which binding of VO 2+ -chelates to PTP1B remained compatible with the rapid equilibrium assumption of steady-state kinetics. We also needed to identify conditions in which alterations in the absorption spectrum of the protein or the VO 2+ -chelate might impact data collection for the time-dependent hydrolysis of substrates catalyzed by PTP1B. Figure 2 compares changes in the UV absorption spectrum of VO(acac) 2 in sodium acetate buffered 0.1 M sodium chloride to changes in the spectrum of VO(acac) 2 in the presence of PTP1B. The same buffer was used for the collection of kinetic data. Because oxidation of VO(acac) 2 is accompanied by an increase in absorption at 270 nm relative to the decrease at 312 nm [37] , we conclude that the spectral changes in Fig. 2a reflect only alterations in solvation and possibly ligand geometry, as earlier characterized by EPR and ENDOR methods [10, 36] . In aqueous solutions, VO(acac) 2 acquires both an axially coordinated water molecule in its inner coordination shell and a water molecule hydrogen bonded to the oxygen atom of the axial V=O moiety [36] , both of which are absent in the DMSO solution. We, therefore, attribute the spectral changes in Fig. 2a to equilibration of VO(acac) 2 to its aqueous environment.
Despite relatively small changes in absorption at 349 nm seen in Fig. 2a , the wavelength at which hydrolysis of pNPP is best monitored at pH ~ 5 [14] , addition of the chelate to buffer had a measurable negative rate at this wavelength that would have impacted collection of initial velocity data for hydrolysis of pNPP by as much as 20%. A 5-min equilibration time, therefore, was allowed for the spectral changes to go to completion prior to addition of substrate and enzyme. This precaution ensured that following the reaction spectrophotometrically reflected only the rate of hydrolysis of pNPP catalyzed by the enzyme in the presence of the metal-chelate without interference from spectral changes of the type in Fig. 2a . To minimize the potential effects of complexing of the chelate to either the substrate or the enzyme on the rate of the reaction when followed either by absorption or by fluorescence, substrate and enzyme were added simultaneously but separately to the solution containing VO(acac) 2 to initiate the reaction. Figure 2b shows the spectral changes of VO(acac) 2 in the presence of increasing concentrations of PTP1B. Equilibrium of the interaction of the chelate with the enzyme was reached within 3 min of addition of each aliquot of the enzyme solution. Plotting the maximum change in absorption at 312 nm against the enzyme concentration yielded an approximate equilibrium dissociation constant of 2.6 × 10 −7 M determined under steady-state conditions (see below). In addition, the equilibration time of the spectral changes observed in Fig. 2b is significantly greater than the nearly instantaneous reversible association exhibited in kinetic studies, suggesting that the spectral changes in Fig. 2b represent additional types of binding to the enzyme that are not compatible with rapid equilibrium binding. Addition of pNPP after addition of saturating amounts of VO(acac) 2 to PTP1B showed complete loss of catalytic activity. Because of the loss of absorption in the long wavelength end of the spectrum, we believe that the changes observed in Fig. 2b indicate a change in the immediate coordination environment of the VO 2+ moiety through binding to the protein with possible displacement of one or both of the acetylacetonate ligands.
Scatchard plot analysis of the absorption changes at 312 nm in Fig. 2b indicated a site of 1:1 binding stoichiometry of tight binding with multiple sites of lower binding affinity. Because the inhibitor constants for reversible binding measured under steady-state conditions, as shown below, differed greatly from that estimated under conditions described in Fig. 2b , we conclude that the binding sites of VO(acac) 2 to PTP1B in the absence of substrate do not overlap with that for reversible inhibition under steady-state conditions. Also, the time dependence of the changes in Fig. 2b indicate that they cannot be compatible with rapid equilibrium binding under steady-state conditions. Figure 3 compares changes in the absorption spectrum of VO(Et-maltol) 2 in sodium acetate buffered 0.1 M sodium chloride to changes in the spectrum of the VO 2+ -chelate in the presence of PTP1B. This chelate and its methyl analog have received much attention through in vitro and in vivo studies as a potential antidiabetic reagent [38] [39] [40] [41] [42] . While VO(Et-maltol) 2 has not been subjected to spectroscopic studies comparable to those cited above for VO(acac) 2 , its methyl analog VO(Me-maltol) 2 has been widely studied because of its identical inner-shell coordination structure and similar ligand environment. As for VO(acac) 2 , dissolution of VO(Me-maltol) 2 into aqueous medium also is associated with changes in ionization detectable by magnetic resonance methods [43, 44] . However, NMR analysis of VO(Me-maltol) 2 over the pH 3-8 range shows no change in ligand stoichiometry or speciation of this VO 2+ -chelate [44] . In contrast to the time-dependent spectral changes observed for VO(acac) 2 in Fig. 2a , the changes for VO(Et-maltol) 2 in Fig. 3a were very small and occurred within the mixing time.
In contrast to the changes observed for the binding of VO(acac) 2 to PTP1B, binding of VO(Et-maltol) 2 to PTP1B was accompanied by an increase in absorption near 278 nm and a decrease in absorption near 325 nm, as seen in Fig. 3b .
Because these optical changes could suggest oxidation of the VO 2+ -chelate [37] , we have tested the effects of VO(acac) 2 and VO(Et-maltol) 2 in aerated solutions to induce oxidation of the VO 2+ moiety. While the results are described later (vide infra), oxidation of VO(Et-maltol) 2 did not account for either the spectral changes in Fig. 3b or the reversible inhibition properties under steady-state conditions. Moreover, spectroscopic studies of the analogous chelate VO(Memaltol) 2 under comparable conditions demonstrate suitable stability of the chelate against oxidation by dissolved, molecular O 2 [43, 44] .
In contrast to the interaction of VO(acac) 2 with PTP1B, plots of the change in absorption at 278 nm, M, respectively, and mixed. The spectra were collected only after equilibrium had been reached for addition of each enzyme aliquot. The two different concentrations of the VO 2+ -chelate in panels a and b were chosen to maintain approximately equivalent signal-to-noise in both panels for comparison. Other conditions as in Fig. 2 as illustrated in Fig. 3b , against enzyme concentration showed no indication of an approach to saturation of a binding site. In kinetic assays the same procedure was employed, as described for VO(acac) 2 , with the modification that VO(Et-maltol) 2 did not require an equilibration time longer than the mixing time for addition of substrate and enzyme to the cuvette to initiate the reaction. While spectral changes are observed through interaction of both VO-(acac) 2 and VO(Et-malto) 2 with PTP1B, as described above, no chelate elicited spectral changes in the presence of the substrates employed in this investigation within the range of substrate concentrations used in kinetic assays. Also, there was no evidence that any of the chelates alone catalyzed hydrolysis of pNPP.
We similarly examined the interaction of VO(mpp) 2 with the enzyme and observed tight binding characterized by a dissociation constant of 1.6 × 10 −7 M (data not shown). The time dependence was similarly not consistent with reversible inhibition under steady-state conditions. We, therefore, concluded that steady-state experiments using VO(mpp) 2 could be carried out in an identical manner to that for VO(acac) 2 and VO(Et-malto) 2 .
Steady-state kinetic studies of substrate hydrolysis catalyzed by PTP1B. The nonspecific phosphotyrosine substrate analog para-nitrophenylphosphate. The synthetic organic substrate pNPP has been widely used to characterize the catalytic activity of PTP1B and other PTPases because it is readily available commercially and its chromophoric properties allow a convenient means to monitor the catalytic reaction spectrophotometrically. Nonetheless, it simulates at best only the phosphorylated tyrosine residue of a physiologically relevant substrate. In preliminary kinetic studies of this enzyme, we observed that the inhibition of PTP1B by VO(acac) 2 in the presence of pNPP as substrate differs from that observed in the presence of the phosphotyrosinecontaining undecapeptide substrate DADEpYLIPQQG [14] , which we refer to as EGFR 988−998 . Because hydrolysis of EGFR 988−998 in that study was analyzed by quantifying the amount of a phosphate-malachite green precipitate, precluding steady-state conditions, we have carried out a detailed comparison of the influence of VO 2+ -chelates on the catalytic action of PTP1B with both pNPP and EGFR 988−998 on the basis of initial velocity measurements under the steadystate approximation. Kinetic parameters for the hydrolysis of both pNPP and the phosphotyrosine containing undecapeptide in the absence of inhibitors determined in this investigation and summarized in Table 1 show excellent agreement with respective literature values. Because we observed different inhibitory behavior of VO(acac) 2 dependent on the substrate, we subjected initial velocity data collected for substrate hydrolysis in the presence of VO(acac) 2 to a two-stage, leastsquares fitting method [45] to arrive at the best interpretation of its mode of inhibition. Because of the success of this approach, we extended the analysis also to VO(Et-malto) 2 and VO(mpp) 2 .
To this end Fig. 4 illustrates a double reciprocal plot of initial velocity data for hydrolysis of pNPP in the presence of VO(acac) 2 analyzed according to two classical models of reversible inhibition: competitive in Fig. 4a and noncompetitive in Fig. 4b . Each panel shows an expanded view of the region near the origin of the plot to better illustrate the intersection point on the ordinate axis in Panel A and on the abscissa in Panel B. Mixed inhibition and uncompetitive inhibition were also tested but were not supported by the results, as discussed below. We note that in preliminary kinetic studies, mixed noncompetitive inhibition was observed [14] . In that study the equilibration time of VO(acac) 2, when added to an aqueous solution, as described in Fig. 2 , was not taken into account. Also, the enzyme was purified with the use of dithiothreitol instead of TCEP, as in the present investigation. Because dithiothreitol is known to form covalent adducts with free sulfhydryl groups, this difference may account in part for the different mode of inhibition. In addition to C215, there are five other cysteinyl residues within the soluble portion of the enzyme (residues 1-321) employed in this investigation [46] . Selection of the model mathematically best constrained by the data was carried out by first calculating the V max and K M values for the dataset, then constraining them during total least-squares fitting to the four kinetic models, competitive, noncompetitive, and uncompetitive, under comparison [45] . We also tested mixed inhibition but were able to rule it out in every case, as described in Supplementary Material. On this basis, each model, competitive, noncompetitive, and uncompetitive, had only one free parameter and could be compared to the others on the basis of its associated χ 2 value [47] . By this analysis, the χ 2 differs from the Bayesian Information Criterion merely by a constant [48] . Results of this statistical analysis for hydrolysis of pNPP catalyzed by PTP1B are compared for VO 2+ -chelates in Table 2 . While the best interpretation of the results in Fig. 3 based on the χ 2 values associated with each K I determination assigns the inhibition as competitive, the χ 2 value for the noncompetitive fit to the data is visually difficult to exclude as a possibility. However, although the value of χ 2 for the noncompetitive fit is low, model selection is based on the lowest value, and that belongs to the competitive fit. The uncompetitive model is readily discarded because of its associated χ 2 value of 9.44. We note that Kuzmic and coworkers used a similar statistical method based on information theory to rule out kinetic patterns of enzyme-inhibitor binding in the case of the anthrax lethal factor protease [49] . Figure 5 illustrates the double reciprocal plot of initial velocity data for hydrolysis of pNPP in the presence of VO(Et-malto) 2 . The analysis showed more straightforwardly that VO(Et-malto) 2 exhibited noncompetitive inhibition for hydrolysis of pNPP. The K I value of the VO(mpp) 2 chelate in the presence of pNPP as substrate is also included in Table 2 and proved to be compatible only with competitive inhibition on the basis of its χ 2 value and Dixon plot. As described in the Methods section, we have collected initial velocity data to characterize the inhibitory properties of these vanadyl chelates, taking every precaution to prevent or at least minimize oxidation of the VO 2+ moiety by solubilized molecular O 2 . In order to test the effects of oxidation of chelates, we aerated solutions of the chelates prior to addition of enzyme and substrate and determined their inhibition properties under identical conditions compared with those that were used for kinetic assays of the VO 2+ -chelates. All of the chelates exhibited unambiguously competitive inhibition with smaller and distinguishably different K I values (data not shown). The resultant change in (10), closed diamond (14) . The area near the origin is expanded in the inset to emphasize that the intersection of each straight-line with the ordinate was drawn according to parameters based on hyperbolic fits to initial velocity data The phosphotyrosine-containing undecapeptide substrate analog of the EGFR. In preliminary kinetic studies of PTP1B, we observed that inhibition of hydrolysis of the phosphotyrosine-containing undecapeptide substrate DADEpYLIPQQG catalyzed by PTP1B in the presence of VO(acac) 2 strongly suggested uncompetitive behavior, differing from that observed for the hydrolysis of pNPP [14] . Because hydrolysis of EGFR 988−998 in that study was analyzed by quantifying the amount of a phosphate-malachite green precipitate generated over a 30-min period, precluding steady-state conditions, we have carried out a detailed comparison of the influence of VO 2+ -chelates on the catalytic action of PTP1B under the steady-state approximation.
Initial velocity data for the PTP1B catalyzed hydrolysis of EGFR 988−998 were collected by fluorescence. In the absence of VO 2+ -chelates the values of the kinetic parameters for PTP1B catalyzed hydrolysis of this substrate, summarized in Table 1 , agreed well with those published by others [4, 26] . Figure 6 compares the results of steady-state kinetic analysis of PTP1B activity as a function of the concentration of VO(acac) 2 with EGFR 988−998 as the substrate. To arrive at the best interpretation for both VO 2+ -chelates, we tested the data against competitive, mixed, noncompetitive, and uncompetitive models comparing the rectangular hyperbolic and Lineweaver-Burk plots and the associated χ 2 values, as described above. The best fit to the initial velocity data illustrated in Fig. 6 and summarized in Table 2 showed that VO(acac) 2 is an uncompetitive inhibitor in the presence of the phosphotyrosine-containing undecapeptide substrate (also, cf., Supplementary Material). This is the only uncompetitive inhibitor of PTP1B reported heretofore. The results in Fig. 6 and Table 2 confirm our earlier assessment of VO(acac) 2 as an uncompetitive inhibitor in the presence of EGFR 988−998 as substrate [14] . Figure 7 compares the results of steady-state kinetic analysis of PTP1B catalyzed hydrolysis of EGFR 988−998 in the presence of VO(Et-malto) 2 . The initial velocity data were similarly tested against all four models on the basis of the rectangular hyperbolic and Lineweaver-Burk plots and associated χ 2 values. The K I value and its associated χ 2 values are given in Table 2 . For VO-(Et-malto) 2 the noncompetitive model is clearly favored statistically. Also, the data strongly argue against a competitive model.
The inhibition patterns observed for VO(Et-malto) 2 for both pNPP and EGFR 988−998 , as substrates, contradict the interpretation of Peters and coworkers [50] , who suggest that inhibition of PTP1B by the structurally analogous chelate VO(Me-malto) 2 , containing a methyl group instead of an ethyl group at the 2-position of the pyrone ring, is due to oxidation of the VO 2+ moiety stripped of its organic ligands and bound in the active site as the orthovanadate anion. Although Peters and coworkers do not provide an estimate of the value of K I for competitive inhibition of PTP1B by VO(Me-malto) 2 , orthovanadate has been characterized in detail as a competitive inhibitor and has a K I value of ~ 3 × 10 −7 M [51] . The orthovanadate anion cannot account for the noncompetitive inhibition pattern of VO(Et-malto) 2 in Figs. 5 and 7. To identify the origins of the discrepancy between our results and those of Peters and coworkers [50] , we note that the Lineweaver-Burk plot for VO(Me-malto) 2 inhibition of PTP1B catalyzed hydrolysis of 6,8-difluoro-4-methylumbelliferyl phosphate, similarly a nonspecific substrate, (Fig. 2d, p 325 , of ref. [50] ) does not show a monotonically increasing slope dependent on VO(Me-malto) 2 concentration. This pattern is inconsistent with linear competitive inhibition. Furthermore, Peters and coworkers state that for kinetic studies they incubated the chelate with the enzyme for 10 min prior to initiating the reaction by addition of substrate. On the basis of the spectral changes for the analogous chelate in Fig. 3 , this treatment cannot result in binding of the chelate to the enzyme consistent with reversible, rapid equilibrium binding. Furthermore, Peters and coworkers state that to generate protein bound VO(Me-malto) 2 in crystals of PTP1B, the chelate, dissolved in water, was added to the polyethylene glycol based mother liquor containing crystals followed by diffusion of the chelate into the crystals for 2 h at room temperature and open to air prior to X-ray data collection [50] . These conditions were obviously sufficient for the organic ligands to be stripped from the VO 2+ moiety. Generation of the orthovanadate anion is likely due to subsequent oxidation by dissolved O 2 in the solvent channels of the crystal and X-ray induced oxidation of the V 4+ to a V 5+ species.
Discussion
A variety of vanadium containing chelates of oxidation states + 3, + 4, and + 5, have been investigated with respect to their capacity to enhance cellular uptake of glucose [12, 42, 52] . While the main objective of most of these investigations has been to develop a pharmacological reagent for potential treatment of diabetes, the target enzyme or mechanism underlying the capacity of vanadium compounds to enhance glucose uptake has remained undefined in most cases. In this respect the demonstration through Figs. 4, 5, 6, 7 that the VO 2+ -chelates investigated in this study inhibit PTP1B indicates that inhibition of this critical enzyme underlies at least part of their capacity to enhance glucose uptake. PTP1B is known as an important enzyme regulating in vivo the phosphotyrosine status of the insulin receptor [13] . We have shown that increased phosphotyrosine forms of the IR and of IRS-1 detected on the basis of Western immunoblots of 3T3-L1 adipocytes in the presence of VO(acac) 2 are due to inhibition of PTP1B in a manner that is synergistic with insulin [11] . Observation of synergism indicates that VO(acac) 2 and insulin influence the same pathway [10, 11] .
The noncompetitive inhibition of hydrolysis of pNPP and of the phosphorylated undecapeptide substrate EGFR 988−998 in the presence of VO(Et-malto) 2 suggests that this chelate binds to the same site on the enzyme in the presence of both substrates and indicates that it is not overlapping with the active site. Because noncompetitive inhibition of hydrolysis of pNPP catalyzed by PTP1B is observed for an aromatic derivative of benzbromarone designated as Compound 2 [9] , the only other noncompetitive inhibitor of this enzyme reported hitherto, we examined by molecular modeling whether the noncompetitive binding exhibited by VO(Etmalto) 2 is sterically compatible with the binding site of the organic benzbromarone inhibitor. We were led to examine this hypothesis because of the butterfly-like structure of Compound 2, [3-(3,5-dibromo-4-hydroxy-benzoyl)-2-ethylbenzofuran-6-sulfonic acid (4-sulfamoyl-phenyl)amide] [9] , and of the cis conformation of VO(Et-malto) 2 modeled according to the structure of the 2-methyl-maltolato analog in aqueous medium established by ENDOR spectroscopy [36] . The atomic numbering scheme of VO(Et-malto) 2 and of the benzbromarone inhibitor known as Compound 2 [9] are shown in Fig. S1 . The fit of the cis conformation of VO(Et-malto) 2 in the binding site of Compound 2 in PTP1B is illustrated in Fig. S2 . As seen in Fig. S2 , the van der Waals surface of the amino acid residues surrounding Compound 2 [9] accommodates VO(Et-malto) 2 without violation of steric interactions. Because VO(Et-malto) 2 is associated with noncompetitive inhibition, as is Compound 2, we suggest that the binding site of VO(Et-malto) 2 may overlap with that defined for Compound 2 [9] . Compound 2 and VO(Etmalto) 2 are the only inhibitors of PTP1B identified, thus far, as noncompetitive.
In the presence of pNPP as substrate, Li and coworkers observed mixed inhibition by VO(Me-malto) 2 of an engineered, fused protein construct consisting of glutathione-S-transferase and the full length PTP1B polypeptide chain (435 residues) [53] . While the VO(Me-malto) 2 chelate is essentially structurally identical to VO(Et-malto) 2 employed in this investigation, it is difficult to relate the results of Li and coworkers to those presented here because of their protein construct. No comparison was made to compare the inhibitory properties of VO(Me-malto) 2 in the presence of phosphotyrosine-containing peptide mimics as substrates.
The important challenge in this investigation is to explain the apparently different modes of inhibition exhibited by VO(acac) 2 in the presence of pNPP and EGFR 988−998 as substrates. Given the care in our experiments to exclude potential artifacts in data collection, e.g., partial oxidation of the VO 2+ moiety, demonstration that the site of reversible binding of VO(acac) 2 under steady-state conditions is not identical to that observed in the absence of substrate (cf., Fig. 2 ) and accounting for small absorption changes in the spectrum of the chelate during its equilibration with aqueous solvent require that the site of reversible inhibition of VO(acac) 2 with the enzyme is the same for both pNPP and EGFR 888−899 substrates under steady-state conditions. In contrast to the cis conformation of VO(Me-malto) 2 , VO(acac) 2 retains a trans, planar coordination geometry free in aqueous solution [36] , bound to serum albumin [10] , and upon uptake into xenograft tumor cells [54] . Based on these results, we expect that VO(acac) 2 similarly retains only a trans, planar geometry bound to PTP1B. This assertion is further strengthened by the observation that Zn(acac) 2 and Mg(acac) 2 , as closedshell analogs of VO(acac) 2 that do not possess an axial oxygen atom, exhibit values of K I > 600 × 10 −6 M (Makinen MW and Zhou KI, unpublished observations), suggesting that the VO 2+ moiety is necessary for inhibition and likely interacts directly with the protein. In addition, because we have tested and found by molecular modeling that the planar structure of VO(acac) 2 could not be accommodated sterically into the region occupied by the fused ring system of the benzbromarone inhibitor [9] , we conclude that the binding site of VO(acac) 2 differs from that suggested in Fig. S2 for VO(Et-malto) 2 . Because changes in protein conformation due to interaction of the enzyme with its physiological substrate analog EGFR 988−998 are uncharacterized and because an uncompetitive inhibitor binds to the substrate:enzyme complex, as discussed below, a similar modeling analysis could not be carried out for VO(acac) 2 .
The action of a classical competitive inhibitor that competes with the substrate in the active site is independent of substrate structure. On this basis we conclude that, in the presence of pNPP as substrate, VO(acac) 2 does not bind directly in the active site but binds in a site, inducing structural alterations that thwart binding of sterically small substrates such as pNPP. This form of apparent competitive inhibition has been described [55] . While the site of VO(acac) 2 binding may be near the active site, it cannot be overlapping with that of the much larger DADEpYLIPQQG undecapeptide substrate. Furthermore, because active site residues of the enzyme experience a much larger number of hydrogen-bonding and electrostatic interactions with the undecapeptide substrate than with pNPP [4, 25] , the resultant structural alterations induced in the protein favor tighter binding of VO(acac) 2 than with pNPP, as reflected by their respective K I values in Table 2 .
Because of its central role as a negative regulator of insulin and leptin signaling and its emergence as a positive factor in tumorigenesis [56] [57] [58] [59] , PTP1B has been a target for therapeutic intervention through drug design. Nonetheless, despite the concerted efforts of both academia and the pharmaceutical industry, no PTP1B-specific drug has yet been introduced into pre-clinical studies. A significant obstacle in these efforts has been that the active site of the enzyme, towards which most drug design studies have been directed, attracts highly negatively charged substrates that bind to multiple, positively charged residues. Design of highly anionic substrate mimetics results in compounds with limited bioavailability and poor penetration into cells. Furthermore, drugs targeted for the active site of PTP1B exhibit low specificity because of the H/V-C-X 5 -R-S/T consensus sequence of the catalytic motif that PTP1B shares with other tyrosine phosphatases. In this respect, VO(acac) 2 differs sharply from other inhibitors of PTP1B not only as an uncompetitive inhibitor but also as an electrostatically neutral compound that readily enters cells.
Scheme 1 below illustrates uncompetitive inhibition, where E represents the enzyme, S the substrate, and I the uncompetitive inhibitor. In uncompetitive inhibition the inhibitor binds to the enzyme-substrate or Michaelis complex. Since the enzyme is known to undergo a conformational change from open to closed upon substrate binding, involving the WPD loop, i e., residues Trp 179 -Pro 180 -Asp 181 [60, 61] , after which substrate hydrolysis occurs, VO(acac) 2 must bind to the open conformation, preventing the conformational change and substrate hydrolysis. Identification of the site of uncompetitive inhibition of hydrolysis of the EGFR 888−899 substrate by VO(acac) 2 may lead to development of inhibitors with enhanced specificity because, in comparison to pNPP, phosphorylated EGFR is a natural, physiologically relevant substrate of PTP1B. Furthermore, identification of the site of uncompetitive inhibition would be particularly important with respect to drug design because uncompetitive inhibitors in open, cellular systems are pharmacologically more potent than competitive inhibitors [16, 17] .
Most studies to identify inhibitors of PTP1B have been carried out on the basis of detecting inhibition of hydrolysis of pNPP. Except for the characterization of the analog of benzbromarone as a noncompetitive inhibitor [9] , all other inhibitors have been described as competitive. Our observations of the inhibition of hydrolysis of pNPP in the presence of VO(acac) 2 as of apparent competitive character implies that some inhibitors described only on the basis of inhibition of hydrolysis of pNPP may act similarly to VO(acac) 2 . For this reason we conclude that development of pharmacologically effective inhibitors of PTP1B is likely to be more successfully pursued through use of phosphotyrosine containing peptides that mimic physiologically relevant substrates. Because of the diversity of protein substrates of protein tyrosine phosphatases [59, 62, 63] , this approach may help to identify inhibitors of greater metabolic specificity
